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Visual cortex
Superior parietal lobuleThe brain has limited capacity, and so selective attention enhances relevant incoming information while sup-
pressing irrelevant information. This process is not always successful, and the frequency of such cognitive failures
varies to a large extent between individuals. Here we hypothesised that individual differences in cognitive fail-
ures might be reﬂected in inhibitory processing in the sensory cortex. To test this hypothesis, we measured
GABA in human visual cortex using MR spectroscopy and found a negative correlation between occipital GABA
(GABA+/Cr ratio) and cognitive failures as measured by an established cognitive failures questionnaire (CFQ).
For a second site in parietal cortex, no correlation between CFQ score and GABA+/Cr ratiowas found, thus estab-
lishing the regional speciﬁcity of the link between occipital GABA and cognitive failures. We further found that
grey matter volume in the left superior parietal lobule (SPL) correlated with cognitive failures independently
from the impact of occipital GABA and together, occipital GABA and SPL grey matter volume statistically ex-
plained around 50% of the individual variability in daily cognitive failures. We speculate that the amount of
GABA in sensory areas may reﬂect the potential capacity to selectively suppress irrelevant information already
at the sensory level, or alternatively that GABA inﬂuences the speciﬁcity of neural representations in visual cortex
thus improving the effectiveness of successful attentional modulation.
© 2013 The Authors. Published by Elsevier Inc. Open access under CC BY license.Introduction
In everyday life, we continuously receive large amounts of informa-
tion, some of which are relevant to our current goals and some of which
are not. As the brain has limited capacity, attention allows relevant in-
coming information to be selectively enhanced while suppressing irrel-
evant information (Desimone and Duncan, 1995). However, cognitive
failures occur every now and then: we often fail to listen to the name
of a person we are being introduced to or miss an item we are looking
for even though the item is within our visual ﬁeld.
Such cognitive failures have been studied in psychology (Broadbent
et al., 1982; Herrman and Neisser, 1978; Reason, 1977) and research
using the cognitive failures questionnaire (CFQ) (Broadbent et al.,
1982) has established a link between cognitive failures and selective at-
tention (Forster and Lavie, 2007; Kanai et al., 2011b; Tipper and Baylis,search Unit, Aarhus University
, Denmark.
c. Open access under CC BY license.1987). Desimone andDuncan (Desimone, 1998; Desimone andDuncan,
1995) and Corbetta and Shulman (2002) propose that bottom-up atten-
tion should be conceptualised as a bias of stimulus saliency upon the
competition between different representations of stimuli in extrastriate
areas. In contrast, they propose that top-down attention represents an
inﬂuence of prefrontal/parietal areas upon this competition, resulting
in suppression of the neuronal representations of the behaviourally
least relevant stimuli. Indeed, frontal and parietal sites are activated
when a salient distractor is present in visual search tasks (de Fockert
and Theeuwes, 2012; de Fockert et al., 2004). The link between grey
matter (GM) volume (Kanai et al., 2011b) in the frontal and in the pari-
etal cortex or the connection strength between these areas (Edin et al.,
2007) and one component of cognitive failures asmeasured by the CFQ,
namely distractibility, has recently been studied. However, so far our
knowledge of the link between the characteristics of the sensory cortex
and cognitive failures is very limited.
The inhibitory neurotransmitter gamma-aminobutyric acid (GABA)
plays a central role in determining visual cortex selectivity. Pharmaco-
logical studies in cats show that GABA mediates stimulus selectivity in
the visual cortex (Iversen et al., 1971; Sillito, 1975, 1979; Tsumoto
et al., 1979), and GABA is involved in interocular suppression between
cells in the visual cortex (Sengpiel and Vorobyov, 2005). Furthermore,
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MR spectroscopy) correlates positively with suppression duration dur-
ing ambiguous perception and that Lorazepam (a GABAA agonist) in-
creases suppression duration (van Loon et al., 2013). This study
indicates that the visual cortex GABA not only correlates with the de-
gree of suppression of a competing representation but also has a causal
impact upon it. Finally, studies of individuals with attention-deﬁcit/
hyperactivity disorder (ADHD) point to a link between sensory cortex
GABA and cognitive failures, as these individuals exhibit higher inci-
dences of failures in behavioural inhibition (e.g. inattention) and have
lower GABA concentration in the somatosensory and primary motor
cortices compared to healthy controls (Edden et al., 2012; Tannock,
1998).
Overall, GABA thus plays an important part in stimulus processing
and suppression in sensory areas. In the present study, we hypothesised
that GABA levels in the occipital cortex would be correlated with self-
reported cognitive failures as measured by CFQ scores. Or more general-
ly: themore sensory GABA, the greater inhibitory capacity and the great-
er chance that overt, selective attention succeeds in suppressing
distractors. We thus examined the correlation between visual cortex
GABA concentration (as measured by MR spectroscopy) and the fre-
quency of self-reported cognitive failures in daily life (as measured by
the CFQ). Given the links between stimulus selectivity and cognitive fail-
ures as well as between stimulus selectivity and GABA, we hypothesised
that higher the visual cortex GABA leads to fewer incidences of cognitive
failures.
The sensory cortex is not the only area of the brain thought to be in-
volved in distractor suppression. Althoughwe are aware of no study ex-
amining the role of parietal GABA, much evidence points to the
involvement of the parietal cortex in attentional selection, speciﬁcally
the superior parietal lobule (SPL): Grey matter volume of both the pos-
terior and the anterior right SPL correlate with the frequency of changes
in the direction of suppression during ambiguous perception, and dis-
ruption of activity at these sites impacts on the frequency of changes
of suppression direction (Carmel et al., 2010; Kanai et al., 2010,
2011a). Additionally, as mentioned above, left SPL grey matter volume
correlates with the distractibility component of the CFQ (Kanai et al.,
2011b, p. 2). In order to test if the amount of GABA in SPL correlated
with cognitive failures, a second spectroscopy voxel was placed here.
To ensure that GABA spectroscopy results are not confounded by the
overall neuronal density, it is often tested that there is no correlation be-
tween the measure of interest (here the CFQ) and grey matter volume
within the spectroscopy voxel (cf. Sumner et al., 2010). As we predicted
that left SPL grey matter volume correlated with CFQ score (cf. Kanai
et al., 2011b), the parietal voxel was placed in the right SPL to avoid
this confound.
Materials and methods
Participants
Onlymales participated in the experiment as cortical GABA concentra-
tion varies with the menstrual cycle in females (Harada et al., 2011). 36
healthy young males gave written informed consent to participate in
the experiment. They were between 20 and 40 years of age (mean =
25.4, SD = 4.70) and had normal or corrected-to-normal vision.
The experiments were approved by the local ethics committee,
De Videnskabsetiske Komitéer for Region Midtjylland, Denmark.
The cognitive failures questionnaire (CFQ)
All 36 participants ﬁlled out the CFQ. The CFQ measures cognitive
failures in everyday life by asking participants to rate the frequency
with which they experience 25 common cognitive failures in percep-
tion, memory, and motor function on a scale from 0 (never) to 4 (very
often). An example of a question is “Do you fail to notice signposts onthe road?”. Factor analysis of the CFQ has revealed four internally con-
sistent, interpretable factors: memory, distractibility, blunders, and
(memory for) names (Wallace et al., 2002). The total score obtained
shows moderate correlations with reports of cognitive failures by
spouses, with Herrmann and Neisser's (1978) memory questionnaire,
with Reason's (1977) inventories of slips of action and of absentmind-
edness (Broadbent et al., 1982). Furthermore, the total CFQ score
shows a moderate correlation with an experimental measure of dis-
tractibility, the attentional capture effect (Kanai et al., 2011b).
Magnetic resonance imaging (MRI)
Participants were scanned on a Siemens Tim Trio 3 T MRI-scanner
(Erlangen, Germany). A T1 MPRAGE structural scan (TR/TE 2420/
3.7 ms, 1 mm isotropic resolution, scan time 5 1/2 min)was performed
and used for subsequent voxel placement and voxel segmentation.
GABA edited MRS was performed using MEGA-PRESS (Edden and
Barker, 2007; Mescher et al., 1998). In brief, the methods acquire two
different spectra; one with an editing pulse targeting the C3-GABA
peak at 1.9 ppm (edit on) and another with the editing pulse symmet-
rically on the other side of the water peak (7.5 ppm, edit off). By
subtracting the two spectra, the C4-GABA peak at 3 ppm (affected by
the editing pulse through J-coupling with the C3-GABA protons) be-
comes visible and can be quantiﬁed. As a coupled macromolecule reso-
nance at 3 ppm is also co-edited, and thus contributes to the measured
signal, the term GABA+ is often used. By adding the two spectra, in-
stead of subtracting, the Creatine (Cr) peak at 3.0 ppmcan be quantiﬁed
and a GABA+/Cr ratio can be calculated.
For MEGA-PRESS MRS, the scan parameters were TR/TE: 2500/
68 ms. For the occipital MRS, a 3 × 3 × 3 cm voxel was used and a
total of 96 averages (edit on and edit off) were measured, leading to a
scan time of 8 min. For the parietal MRS a 2 × 2 × 2 cm voxel was
used and a total of 240 averages were measured, leading to a scan
time of 20 min. For the occipital voxel (Fig. 1, top), the calcarine sulcus
and the parieto-occipital sulcus were identiﬁed bilaterally. The voxel
was placed so that it covered the calcarine sulcus bilaterally and so
that one edge was aligned with the parieto-occipital sulcus and then
shifted as far towards the tentorium cerebelli and the occipital pole as
possible. Care was taken to avoid including the scalp and/or the
tentorium cerebelli in the voxel. For the parietal voxel (Fig. 1, bottom),
the right hand knob area on the precentral gyruswas identiﬁed (Yousry
et al., 1997), and the voxel was placed so that the anterior border was
parallel to the postcentral gyrus, thus centred on the anterior part of
the superior parietal lobule. Care was taken to avoid including the
scalp. The order in which the spectroscopy voxels were scanned was
randomised between individuals.
GABA levels do not change depending of the time of the day (Evans
et al., 2010), and they remain stable across at least a week for males
(Harada et al., 2011). For these reasons, the time of the day for the
MRS scan was not controlled for between participants, but participants
completed the cognitive failures questionnaire within one week of the
MRS scan.
Analysis
Magnetic resonance spectroscopy
MRS data were analysed by author JUB who was blind to the CFQ
scores. CustomMATLAB (Natick, MA) scripts were used for the removal
of motion corrupted averages, drift correction and phasing of individual
MRS data. Subsequently, the AMARES package (Vanhamme et al., 2001)
within jMRUI (Naressi et al., 2001) software was used to estimate
GABA+ from the difference spectra and Creatine from the summed
spectra. The ﬁnal results were expressed as the GABA+/Cr ratios.
A visual data quality check was performed in combination with ob-
jective quality criteria. Datawere excluded if they showed line broaden-
ing (linewidth N8 Hz) or had highﬁt uncertainty of the Creatine peak in
Fig. 1. Voxel placement. Top: Placement of occipital MR spectroscopy voxel. The voxel covered the calcarine sulcus bilaterally. One edge was aligned with the parieto-occipital sulcus and
then shifted as far towards the tentorium cerebelli and the occipital pole as possible without including the scalp and/or the tentorium cerebelli in the voxel. Bottom: Placement of parietal
MR spectroscopy voxel. The right hand knob area was used to identify the precentral gyrus, which in turn was used to identify the postcentral gyrus. The voxel was placed so that the
anterior border was parallel to the postcentral gyrus, thus centred on the anterior part of the superior parietal lobule.
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(3 occipital and 4 parietal) due to either misplacement of voxel during
scan (one parietal), line broadening (one parietal and one occipital) or
ﬁt uncertainty caused by data being contaminated by signal from lipids
(voxels placed too close to the scalp) (two parietal and two occipital).
For the remaining datasets, both line width and SD/amplitude ratio
were similar for the occipital (mean linewidth of 5.4 Hz and SD/amplitude
of 0.03) and the parietal (mean line width of 4.8 Hz and SD/amplitude of
0.04) datasets.
Signal-to-noise ratio (SNR)was calculated using the difference spec-
trum following phase adjustment such that the NAA peak was upright
with a phase of 0 degrees. Signal was calculated as themaximum inten-
sity of the real part of the NAA peak in the phased difference spectrum,
and noisewas calculated as the standard deviation of the real part of the
noise in a signal-free part of the spectrum following a baseline correc-
tion to remove any 1st and 2nd order baseline variations. Although a
higher SNR was obtained for the occipital voxel (226) than for the pari-
etal voxel (108), both SNRs were acceptably high for the detection of
GABA.
Segmentation
To test whether a correlation between measured GABA+/Cr ratio
and CFQ could be explained simply by differences in the overall struc-
tural composition within the spectroscopy voxels we performed a seg-
mentation of voxel content into grey matter (GM), white matter (WM)
and cerebrospinal ﬂuid (CSF). Segmentation was performed using the
standard segmentation tool within the Statistical Parametric Mapping
software (SPM8, http://www.ﬁl.ion.ucl.ac.uk/spm/). Using the DICOM
of the voxel location as a mask, the volume of each tissue type (GM,
WM, CSF) was calculated for the occipital and parietal voxels. Tests for
correlation between CFQ and tissue types were then performed.
In addition, we performed a voxel-basedmorphometry (VBM) anal-
ysis using the T1 MPRAGE structural scans collected from the sameparticipants. The purpose of this analysis was to examine whether oc-
cipital GABA predicted cognitive failures independently of lSPL GM vol-
ume (Kanai et al., 2011b). The VBM analysis was performed following
exactly the same procedure as the original study (see Kanai et al.,
2011a, 2011b for details). The analysis was focused on the small volume
deﬁned as a sphere (10 mm radius) centred at the peak coordinate in
the previous study (MNI, x = −15, y = −61, z = 54). We used
p b 0.05 corrected for the small volumeasdeﬁned above as the criterion
for statistical signiﬁcance. For this analysis, the distractibility subscale
derived fromWallace et al. (2002)wasused in themain analysis instead
of the total CFQ score, as in the previous study, but the independence of
the impact of GABA and lSPL GM volume on total CFQ was also tested.
Statistics
Data were analysed using the Pearson product–moment correlation,
which has ﬁve assumptions: 1) That the variables are interval or ratio
measurements, 2) that variables are approximately normally distribut-
ed, 3) that there is a linear relationship between the two variables, 4)
that outliers are kept to a minimum or removed entirely, and 5) that
there is homoscedasticity of the data.
All these assumptionswere tested for the variables CFQ score, occip-
ital and parietal GABA+/Cr ratio, as well as for grey matter volume,
white matter volume, and cerebrospinal ﬂuid volume of the occipital
and parietal GABA voxels, and for grey matter volume of the lSPL site.
All variables were interval measurements. Shapiro–Wilk tests and his-
togram inspection did not refute the assumption of normality for any
variable (W N 0.96, p N 0.24 for all variables). All relationshipswere lin-
ear (see the Results section). No outliers were observed. Cook–
Weisberg tests failed to refute the assumption of homoscedasticity
(chi2(1) b 2.06, p N 0.15 for all main analysis variables (occipital and
parietal GABA+/Cr ratio and lSPL GM volume) and chi2(1) b 3.33,
p N 0.06 for all control analysis variables).
Fig. 3. Replication of correlation between CFQ distractibility score and adjusted lSPL GM
volume (Kanai et al., 2011b). CFQdistractibility score and adjusted lSPLGMvolume is plot-
ted for all participants (one point representing one participant). Linear regression lines are
ﬁtted and the results of a Pearson product–moment correlation analysis (distractibility vs.
GMvolume) are reported in the top right corner. No signiﬁcant relationshipwas foundbe-
tween adjusted lSPL GM volume and occipital GABA/Cr ratio, thus indicating that occipital
GABA and SPL GM volume contribute independently to the occurrence of cognitive
failures.
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Correlation between occipital GABA and cognitive failures
There was a signiﬁcant negative correlation between CFQ score and
occipital GABA+/Cr ratio: r(31) = −0.417, p = 0.032 (Bonferroni
corrected for multiple comparisons) (Fig. 2). GABA+/Cr ratio corre-
lated best with the blunders factor (r(31) = −0.412, p = 0.017),
memory factor (r(31) = −0.385, p = 0.027) and distractibility fac-
tor (r(31) = −0.318, p = 0.072), but not signiﬁcantly with the
name factor (r(31) = −0.131, p = 0.47). The overall CFQ correlation
was selective to the visual cortex as no such correlation was found for
the voxel located in the right anterior SPL — the correlation between
GABA+/Cr at this voxel and CFQ score was: r(30) = −0.005, p = 0.98.
Finally, the correlation could not be explained by the amount of greymat-
ter, whitematter, or cerebrospinalﬂuid in the occipital GABA voxel for in-
dividuals with fewer cognitive failures, as no correlation was found
between CFQ scores and any of these variables: |r(34)| b 0.06, p N 0.75,
for all comparisons. The corresponding correlations for the parietal
voxel were |r(34)| b 0.16, p N 0.36, for all comparisons.
Correlation between parietal GM volume and cognitive failures
As mentioned above, Kanai et al. (2011a, 2011b) reported a positive
correlation between GM volume in the left SPL and the distractibility
component of the CFQ. We were interested in examining if occipital
GABA+/Cr ratio and lSPL grey matter volume were independent pre-
dictors of cognitive failures. First, we replicated the ﬁnding of Kanai
et al. (2011b) in the present study by correlating the regional GM vol-
ume within a sphere (r = 10 mm) around the MNI coordinates (MNI,
x = −15, y = −61, z = 54) with the distractibility score (Fig. 3).
Within the sphere, the peak correlation was found at x = −20,
y = −61, z = 54, and the correlation coefﬁcient R = 0.508
(t(33) = 3.3832, p = 0.039, corrected for small volume). Having repli-
cated the effect, we examined whether it was independent of any
GABA-related correlation by testing the correlation between the GM
volume at the peak voxel in the sphere and occipital GABA+/Cr ratio.
No signiﬁcant relationship was found (R = 0.209, p = 0.24, one-
tailed), thus indicating that occipital GABA and SPL grey matter volume
contributed independently to the occurrence of cognitive failures. In
support of this notion, the correlation between occipital GABA+/Cr
ratio and CFQ score remained signiﬁcant even after regressing out theFig. 2. Correlation betweenCFQ score andGABA+/Cr ratio. CFQ score andGABA+/Cr ratio is plo
ﬁtted for both plots and the results of a Pearson product–moment correlation analysis (CFQ vs. G
ratio. Right: CFQ vs. parietal (right aSPL)GABA+/Cr ratio. Note that a negative correlationwas fo
between aSPL GABA+/Cr and cognitive failures.inﬂuence of SPL GM (R = −0.605, p b 0.001). The correlation between
lSPL grey matter volume and the overall CFQ score was r(33) = 0.413,
p = 0.012 (uncorrected). Finally, we tested the impact of occipital
GABA+/Cr ratio and lSPL grey matter volume on CFQ score in onemul-
tiple linear regressionmodel. Thismodel showed that, together, the two
variables predicted 50.9% of the CFQ score (F(2,30) = 15.5, p b 0.0001)
and, more importantly, that both GABA (t(33 = −4.00, p b 0.001) and
lSPL grey matter volume (t(33 = 4.53, p b 0.001) contributed signiﬁ-
cantly to the predictability of the model.
Discussion
In the present study, we found that occipital GABA was correlated
with the individual differences in self-reported cognitive failures intted for all participants (onepoint representing one participant). Linear regression lines are
ABA+/Cr) is reported in the top right corner of each plot. Left: CFQ vs. occipital GABA+/Cr
und between occipital GABA+/Cr and cognitive failureswhereas no correlationwas found
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by grey/white matter volume or cerebrospinal ﬂuid volume in the oc-
cipital target for GABA spectroscopy as no signiﬁcant correlation be-
tween CFQ score and any of these measures was found. Furthermore,
we demonstrated that the results could not be caused by less distract-
ible individuals having generally high GABA levels in their attentional
network as no correlation was found between CFQ score and GABA+/
Cr ratio of the voxel in the right anterior SPL. This result ﬁts well with
theories of visual attention, which posit that top-down attention is re-
lated to frontal/parietal areas whereas bottom-up attention is related
to mutually suppressive signals in sensory areas (Desimone, 1998;
Desimone and Duncan, 1995). Here, we thus demonstrated that the
neurochemical characteristics of the visual cortex statistically explain
part of the individual variability in the prevalence of cognitive failures,
which are linked to selective attention.
Furthermore,we replicated a previous ﬁnding that left SPL greymat-
ter volume correlated with one component of cognitive failures: dis-
tractibility (Kanai et al., 2011b). Analyses revealed that, together, left
SPL GM volume and visual GABA+/Cr ratio statistically explained 51% of
the individual variation in CFQ score and that the two factorswere best de-
scribed as independent predictors of cognitive failures/distractibility.
This is interesting as it means that two individuals experiencing the
same number of cognitive failures may have different neural origins if
the results can be interpreted causally.
Of the four factors of cognitive failures, lSPL greymatter volume pre-
dicted distractibility the best whereas GABA+/Cr ratio predicted the
blunders and memory factors the best but also distractibility to a rela-
tively high degree. These slightly different proﬁles may be taken as fur-
ther support that lSPL grey matter volume and occipital GABA+/Cr
ratio explain slightly different, yet overlapping, aspects of cognitive
failures.
It should be noted that we base our conclusions on the observation
of correlations, which does not necessarily imply causality. It is possible
that some yet unknownmechanism is responsible for both visual cortex
GABA concentration and cognitive failures in an independent manner.
In order to establish support for a causal relationship between GABA
and cognitive failures, future studies would need to manipulate GABA
concentration. GABA concentration can bemodulated either pharmaco-
logically using, for instance, Vigabatrin (Weber et al., 1999) or indirectly
using transcranial direct current stimulation (tDCS) (Stagg et al., 2009).
Such intervention methods will be required to establish causal role of
occipital GABA concentration in cognitive failures.
It should further be noted that the absence of a correlation between
the CFQ score and right anterior parietal GABA+/Cr ratio should not be
taken as evidence that GABA has no role in parietal lobe processing; the
results are speciﬁc to the relation between GABA in the right anterior
parietal lobe and cognitive failures. Additionally, it should be noted
that the null ﬁnding for parietal GABA in principle could be caused by
other factors than the absence of a relationship. Speciﬁcally, we cannot
rule out with complete certainty that the failure to ﬁnd a signiﬁcant re-
lationship in the parietal region was due to an approximately two-fold
lower SNR in the parietal voxel than in the occipital voxel (despite the
prolonged scan time for the parietal voxel to account for the smaller vol-
ume). However, we judge this possibility to be unlikely, given that the
SNR in the parietal region, although lower than in the occipital region,
was acceptably high for the detection of GABA, and yet we still did not
observe even the slightest trend towards signiﬁcance in this region
(R = −0.005, p = 0.98). Furthermore, similar line widths and SD/
amplitude ratios were observed for the two voxels.
As mentioned above, GABA MRS measures the amount of GABA (in
relation to, for instance, Creatine), but it is still unknown whether the
measured transmitter level reﬂects phasic or tonic inhibition or a com-
bination of both (Stagg et al., 2011). Further studies combining GABA
MRS and paired pulse transcranial magnetic stimulation (TMS)
(Kujirai et al., 1993) or ﬂumazenil PET (Qin et al., 2012) could help clar-
ify the underlying physiology through which occipital GABA mayimpact causally on cognitive failures, as both techniques are sensitive
to GABA-a receptor changes.
The results of our experiment also suggest that studies in other senso-
rymodalitiesmay beworthwhile. Auditory stimuli are often distracters in
daily life, andwe hypothesise that therewill be a correlation between au-
ditory cortex GABA concentration and cognitive failures. Finally, since
sensorimotor cortex GABA concentration correlates with tactile discrimi-
nation ability (Puts et al., 2011) and since the CFQ alsomeasures cognitive
failures in the motor domain (e.g. “Do you bump into people?”), GABA
concentration in motor cortex may also predict cognitive failures.
A previous study (Boy et al., 2010) observed a negative correlation
between GABA concentration in the supplementary motor area and re-
sponse priming effect size, i.e. the ability to act upon an unperceived but
behaviourally relevant cue. This is somewhat different fromour study in
which participants with high occipital GABA levels report being better
able to ignore irrelevant information. If the relevant information were
also inhibited, we would not expect that these individuals would expe-
rience fewer cognitive failures. The subliminal nature of the stimulus
used by Boy and colleagues prevents the participants from intentionally
modulating attention. In contrast, when we perform goal-directed be-
haviour in our everyday lives, we are by deﬁnition aware of our goal,
and we are expected to have a good idea of which information to en-
hance andwhich to suppress. We speculate that this differencemay in-
dicate mechanistically that a high GABA concentration does not simply
lead to high levels of automatic, suppression of bottom-up signals
(although this may also be the case), but more importantly that the
inhibition can be selectively manipulated in a top-down manner to ﬁt
the current behavioural goals. This, again, ﬁts well with theories of
top-downmodulation of attention and the ﬁnding of a negative correla-
tion between distractibility and SPL GM volume by Kanai et al. (2011b).
As such, occipital GABA levels may reﬂect the potential strength of sup-
pression between competing visual stimuli, and top-down signals from
frontal and parietal regions are more likely to be successful in their se-
lection of a relevant target if irrelevant targets are effectively sup-
pressed by the selected representation through lateral connections
already at the sensory stage of processing.
Another, possibly complimentary, explanation is related to stimulus
speciﬁcity, i.e. the distinctiveness of the neural representations of a
stimulus. GABA levels have been associated with the selectivity or spec-
iﬁcity of neural representations in both animals (Leventhal et al., 2003)
and humans (Park et al., 2004). Such speciﬁcity mediates performance
in a number of so-called visual ﬂuid processing tasks (e.g. dot size com-
parison and symbol copying) (Park et al., 2010), and speciﬁcity may
thus also have an impact on cognitive failures as it is expected that se-
lective ampliﬁcation or inhibition is better achieved in a system where
stimuli are represented by distinct neuronal populations than in a sys-
tem where there is large overlap in the neurons representing different
objects.
One study reported a correlation between the GABA level of the
frontal eye ﬁeld (FEF) and the ability to resist conﬂict imposed by task
irrelevant stimuli in a saccade task (Sumner et al., 2010). However,
they did not ﬁnd a correlation between occipital GABA and individual
variability in this saccadic measure of distractibility. This apparent dis-
crepancy with the present ﬁndings may be due to differences in the
exact nature of the distractibilitymeasure. In that earlier paper, distract-
ibility wasmeasured as the slowing of saccadic eyemovements when a
target was preceded by the sudden appearance of a salient irrelevant
distractor.While competition between the distractor and saccade target
could occur atmultiple stages, the saccade task is likely to be dependent
on conﬂict resolutionwithin FEF (Schlag et al., 1998) rather thanwithin
early visual cortices. On the other hand, our measure of cognitive fail-
ures (the CFQ) encompasses a much wider range of inattention in ev-
eryday life. Our ﬁndings suggest that the link between the inhibitory
capacity and attention control may not only be limited to regions asso-
ciated with top-down attention, but may also be found in early sensory
regions if a task is used in which sensory suppression is more critical.
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correlated with GABA+/Cr ratio in the occipital lobe, with GABA statis-
tically explaining around 17% of the inter-individual variability. The re-
sults are correlational and further studies are needed to support any
causal claims for a relationship between GABA and cognitive failures.
One potential causal explanation could be that the inhibitory capacity
in sensory areas affects our ability to ignore information that is irrele-
vant to our current behavioural goals. Another explanation could be
that GABA causes increased speciﬁcity of visual representations and
that this improves the chances of successful attentional modulation.
We further demonstrated that the impact of SPL GM volume upon cog-
nitive failure is independent of the impact of occipital GABA. Finally, we
showed that our ﬁndings were not confounded by the overall cortical
GABA levels or the structural composition of the target occipital area.
These ﬁndings open up for further studies into the causal effect of
GABA in cognitive failures or failures of attention in general, both as re-
ported by participants in everyday lives, and in clinical and laboratory
contexts.
Acknowledgments
This work was supported by the European Research Council (KS),
the Danish Ministry of Science, Technology and Innovation's University
Investment Grant (MINDLab, JUB), the Danish Council for Independent
Research/Humanities (MYD), the Wellcome Trust (GR), and Japan Sci-
ence and Technology Agency (RK). The authors wish to thank Dr. Yi-
Ching Lynn Ho for valuable technical assistance.
Conﬂict of interest statement
The authors declare that there are no conﬂicts of interest.
References
Boy, F., Evans, C.J., Edden, R.A.E., Singh, K.D., Husain, M., Sumner, P., 2010. Individual dif-
ferences in subconscious motor control predicted by GABA concentration in SMA.
Curr. Biol. 20, 1779–1785.
Broadbent, D.E., Cooper, P.F., FitzGerald, P., Parkes, K.R., 1982. The Cognitive Failures Ques-
tionnaire (CFQ) and its correlates. Br. J. Clin. Psychol. 21 (Pt 1), 1–16.
Carmel, D., Walsh, V., Lavie, N., Rees, G., 2010. Right parietal TMS shortens dominance du-
rations in binocular rivalry. Curr. Biol. 20, R799–R800.
Corbetta, M., Shulman, G.L., 2002. Control of goal-directed and stimulus-driven attention
in the brain. Nat. Rev. Neurosci. 3, 201–215.
De Fockert, J.W., Theeuwes, J., 2012. Role of frontal cortex in attentional capture by single-
ton distractors. Brain Cogn. 80, 367–373.
De Fockert, J.W., Rees, G., Frith, C., Lavie, N., 2004. Neural correlates of attentional capture
in visual search. J. Cogn. Neurosci. 16, 751–759.
Desimone, R., 1998. Visual attentionmediated by biased competition in extrastriate visual
cortex. Philos. Trans. R. Soc. Lond. B Biol. Sci. 353, 1245–1255.
Desimone, R., Duncan, J., 1995. Neural mechanisms of selective visual attention. Annu.
Rev. Neurosci. 18, 193–222.
Edden, R.A.E., Barker, P.B., 2007. Spatial effects in the detection of gamma-aminobutyric
acid: improved sensitivity at high ﬁelds using inner volume saturation. Magn.
Reson. Med. 58, 1276–1282.
Edden, R.A.E., Crocetti, D., Zhu, H., Gilbert, D.L., Mostofsky, S.H., 2012. Reduced GABA concen-
tration in attention-deﬁcit/hyperactivity disorder. Arch. Gen. Psychiatry 69, 750–753.
Edin, F., Klingberg, T., Stödberg, T., Tegnér, J., 2007. Fronto-parietal connection asymmetry
regulates working memory distractibility. J. Integr. Neurosci. 6, 567–596.
Evans, C.J., McGonigle, D.J., Edden, R.A.E., 2010. Diurnal stability of γ-aminobutyric acid con-
centration in visual and sensorimotor cortex. J. Magn. Reson. Imaging 31, 204–209.
Forster, S., Lavie, N., 2007. High perceptual load makes everybody equal: eliminating indi-
vidual differences in distractibility with load. Psychol. Sci. 18, 377–381.
Harada, M., Kubo, H., Nose, A., Nishitani, H., Matsuda, T., 2011. Measurement of variation
in the human cerebral GABA level by in vivo MEGA-editing proton MR spectroscopyusing a clinical 3 T instrument and its dependence on brain region and the female
menstrual cycle. Hum. Brain Mapp. 32, 828–833.
Herrman, D., Neisser, U., 1978. An inventory of everyday memory experiences. In:
Gruneberh, M.M., Morris, P.E., Sykes, R.N. (Eds.), Practical Aspects of Memory.
Academic Press, London.
Iversen, L.L., Mitchell, J.F., Srinivasan, V., 1971. The release of gamma-aminobutyric acid
during inhibition in the cat visual cortex. J. Physiol. Lond. 212, 519–534.
Kanai, R., Bahrami, B., Rees, G., 2010. Human parietal cortex structure predicts individual
differences in perceptual rivalry. Curr. Biol. 20, 1626–1630.
Kanai, R., Carmel, D., Bahrami, B., Rees, G., 2011a. Structural and functional fractionation of
right superior parietal cortex in bistable perception. Curr. Biol. 21, R106–R107.
Kanai, R., Dong, M.Y., Bahrami, B., Rees, G., 2011b. Distractibility in daily life is reﬂected in
the structure and function of human parietal cortex. J. Neurosci. 31, 6620–6626.
Kujirai, T., Caramia, M.D., Rothwell, J.C., Day, B.L., Thompson, P.D., Ferbert, A., Wroe, S.,
Asselman, P., Marsden, C.D., 1993. Corticocortical inhibition in human motor cortex.
J. Physiol. Lond. 471, 501–519.
Leventhal, A.G., Wang, Y., Pu, M., Zhou, Y., Ma, Y., 2003. GABA and its agonists improved
visual cortical function in senescent monkeys. Science 300, 812–815.
Mescher, M., Merkle, H., Kirsch, J., Garwood, M., Gruetter, R., 1998. Simultaneous in vivo
spectral editing and water suppression. NMR Biomed. 11, 266–272.
Naressi, A., Couturier, C., Castang, I., de Beer, R., Graveron-Demilly, D., 2001. Java-based
graphical user interface forMRUI, a software package for quantitation of in vivo/medical
magnetic resonance spectroscopy signals. Comput. Biol. Med. 31, 269–286.
Park, D.C., Polk, T.A., Park, R., Minear, M., Savage, A., Smith, M.R., 2004. Aging reduces
neural specialization in ventral visual cortex. Proc. Natl. Acad. Sci. U. S. A. 101,
13091–13095.
Park, J., Carp, J., Hebrank, A., Park, D.C., Polk, T.A., 2010. Neural speciﬁcity predicts ﬂuid
processing ability in older adults. J. Neurosci. 30, 9253–9259.
Puts, N.A.J., Edden, R.A.E., Evans, C.J., McGlone, F., McGonigle, D.J., 2011. Regionally speciﬁc
human GABA concentration correlates with tactile discrimination thresholds.
J. Neurosci. 31, 16556–16560.
Qin, P., Duncan, N.W., Wiebking, C., Gravel, P., Lyttelton, O., Hayes, D.J., Verhaeghe, J.,
Kostikov, A., Schirrmacher, R., Reader, A.J., Northoff, G., 2012. GABAA receptors in vi-
sual and auditory cortex and neural activity changes during basic visual stimulation.
Front. Hum. Neurosci. 6.
Reason, J.T., 1977. Skill and error in everyday life. In: Howe, M. (Ed.), Adult Learning.
Wiley, London.
Schlag, J., Dassonville, P., Schlag-Rey, M., 1998. Interaction of the two frontal eye ﬁelds be-
fore saccade onset. J. Neurophysiol. 79, 64–72.
Sengpiel, F., Vorobyov, V., 2005. Intracortical origins of interocular suppression in the vi-
sual cortex. J. Neurosci. 25, 6394–6400.
Sillito, A.M., 1975. The contribution of inhibitory mechanisms to the receptive ﬁeld prop-
erties of neurones in the striate cortex of the cat. J. Physiol. Lond. 250, 305–329.
Sillito, A.M., 1979. Inhibitory mechanisms inﬂuencing complex cell orientation selectivity
and their modiﬁcation at high resting discharge levels. J. Physiol. Lond. 289, 33–53.
Stagg, C.J., Best, J.G., Stephenson, M.C., O'Shea, J., Wylezinska, M., Kincses, Z.T., Morris, P.G.,
Matthews, P.M., Johansen-Berg, H., 2009. Polarity-sensitive modulation of cortical
neurotransmitters by transcranial stimulation. J. Neurosci. 29, 5202–5206.
Stagg, C.J., Bestmann, S., Constantinescu, A.O., Moreno Moreno, L., Allman, C., Mekle, R.,
Woolrich, M., Near, J., Johansen-Berg, H., Rothwell, J.C., 2011. Relationship between
physiological measures of excitability and levels of glutamate and GABA in the
human motor cortex. J. Physiol. 589, 5845–5855.
Sumner, P., Edden, R.A.E., Bompas, A., Evans, C.J., Singh, K.D., 2010. More GABA, less
distraction: a neurochemical predictor of motor decision speed. Nat. Neurosci.
13, 825–827.
Tannock, R., 1998. Attention deﬁcit hyperactivity disorder: advances in cognitive, neuro-
biological, and genetic research. J. Child Psychol. Psychiatry 39, 65–99.
Tipper, S.P., Baylis, G.C., 1987. Individual differences in selective attention: the relation of
priming and interference to cognitive failure. Personal. Individ. Differ. 8, 667–675.
Tsumoto, T., Eckart, W., Creutzfeldt, O.D., 1979. Modiﬁcation of orientation sensitivity of
cat visual cortex neurons by removal of GABA-mediated inhibition. Exp. Brain Res.
34, 351–363.
Van Loon, A.M., Knapen, T., Scholte, H.S., St John-Saaltink, E., Donner, T.H., Lamme, V.A.F.,
2013. GABA shapes the dynamics of bistable perception. Curr. Biol. 23, 823–827.
Vanhamme, L., Sundin, T., Hecke, P.V., Huffel, S.V., 2001. MR spectroscopy quantitation: a
review of time-domain methods. NMR Biomed. 14, 233–246.
Wallace, J.C., Kass, S.J., Stanny, C.J., 2002. The cognitive failures questionnaire revisited: di-
mensions and correlates. J. Gen. Psychol. 129, 238–256.
Weber, O.M., Verhagen, A., Duc, C.O., Meier, D., Leenders, K.L., Boesiger, P., 1999. Effects of
vigabatrin intake on brain GABA activity as monitored by spectrally edited magnetic
resonance spectroscopy and positron emission tomography. Magn. Reson. Imaging
17, 417–425.
Yousry, T.A., Schmid, U.D., Alkadhi, H., Schmidt, D., Peraud, A., Buettner, A., Winkler, P.,
1997. Localization of the motor hand area to a knob on the precentral gyrus. A new
landmark. Brain 120 (Pt 1), 141–157.
